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Overview: HMTS
Timeline Barriers addressed
* Project Start 2014 o Computational Modeling
* Final Report Issued December 2016 e Predictive Engineering
e Composite Manufacturin
Budget P °

o $847,820in FY 2013/14 from VTO (41% of total project cost)
— $1,198,000 cost share from Partners (59% of total project Cost)

Partners and Collaborators

ORNL.: National Laboratory
FORD: OEM

BASF: Material Supplier
PlastiComp: Tier | supplier
Moldex 3D: Predictive Modeling
Univ. of lllinois: University

Virginia Tech: University
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Project Objective and Team

Objective:

Implement and validate computational tools for prediction of fiber orientation and
fiber length distribution in injection molded long carbon fiber thermoplastic
composites for automotive applications to meet goals in the DOE-VT MYPP.

Relevance: Given an input fiber length in the injection process, (1) can we predict
the fiber orientation, distribution and orientation at any given location and thus the
properties? If so, could we then (2) can we start with desired properties at a given
location and predictively engineer (through computational methods) the system to
give us that?

Team:
ORNL.: Fiber orientation and fiber length distribution measurement
FORD: Part selection and previous results, Moldflow analysis
BASF: Materials and tools available for the project
PlastiComp: Pellet manufacturing and molding resources
Moldex 3D: Injection molding simulation
University of lllinois: Fiber breakage model
Virginia Tech: Rheology and FOD measurements

%0\[( RIDGE NATIONAL LABORATORY

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE




LM115

Resources

Cost Share %
of Total
Project

DOE Total
Budget* Budget*

Organization Type

Participant

ORNL DOE/NNSA National $500.12 $0 $500.12 0%
Laboratory/FFRDC
Ford Motor Company For Profit Company $100 $300 $400 15%
Moldex3D North America For Profit Company $0 $600 $600 31%
_ For Profit Company $0 $200 $200 10%
PlastiComp Inc. For Profit Company $0 $80 $80 4%
Virginia Polytechnic Institute and Institution of Higher Education $100 $17.72  $117.72 1%
State University
University of lllinois Institution of Higher Education ~ $47.7 $0 $47.7 0%
Timeline:
Project Start: April 24 2013
Project End: December 31 2016
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Milestones and Tasks e
Task 1 - Project Management and Planning

Phase 1. Model Integration

Task 2 — Selection of representative 3-D prototype part \/

Go/No Go Decision Point: ORNL shall not proceed with Tasks 1 through 9 /
prior to written approval of the 3-D part by the DOE. Written approval may

be in electronic form.

Task 3 - Simulation of Plaque geometry with Moldex3D and Moldflow software ~/
Task 4. Implementation of reduced order Phelps-Tucker fiber breakage model in /
Moldex3D

Task 5. Prediction of fiber orientation and FLD for CF complex 3-D part /

Phase 2. Validation of Composite Fiber Length and Geometric
Distribution
Task 6. Fiber orientation and FLD in CF 3-D complex part measurement
Task 7. Molding of complex 3-D part

Go/No Go Decision Point: ORNL shall not proceed with Tasks 7.1 through

9 prior to written approval of the molding resources by the DOE. Written /
approval may be in electronic form.

Task 8. Comparison of experimental data to predictions from Phase 1
Task 9. Weight saving and cost estimate analysis
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Approach to Address State of the Art e
and Barriers

Target: Validate CF length to 15% of model prediction on flat plaques using the
reduced-order fiber breakage model.

Target: Validate CF length to 15% of prediction for the complex part using the
reduced-order fiber breakage model.

Target: Validate CF orientation to 15% of prediction for complex part using the
fiber orientation model.

Gap: A reduced-order fiber breakage model is not available in a commercial
code. A reduced-order model is not validated for injection-molded CF-reinforced
thermoplastics.

Gap: Fiber orientation and length models are not validated in commercial codes
for injection-molded CF-reinforced thermoplastics.

Gap: An experimental dataset for validation of fiber orientation and fiber length
models, specifically for CF, is not available for parts with complex geometries.
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Technical Accomplishments and Progress'-

Samples and Materials

Edge gated plaque

« Three samples along flow length are TR L
selected for FLD and FOD analysis in 'g%{imm(

plaques g e & ’

Materials and molding conditions Ahwas
R

il WL EEERE
R T {

Front, back and side of seatback part

« Seat-back contains many complex
geometry features

Polypropylene  40% Tow Slow . Detqlls. of thls part were optimized to

maximize fiber length

Polypropylene ~ 40% High Fast
Polypropylene ~ 20% Low Slow
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Technical Accomplishments and Lt15
Progress - Molding Trials

Plagues and seatback parts were molded on different machines to accommodate part
size and material residence time.

» Purge trials were performed prior to
molding trials to compare fiber
lengths from the machines

« Screw for ASPN machine was
modified to increase fiber length for
seatback parts

« Screw maodification resulted in longer
fiber lengths

Purge trials fiber length for PA6,6/40% CF
(initial fiber length was 10mm)

| e [T
description mm mm

I Plasti Comp 2185 406  7.33
W ASPN old screw 2134 169 444
& N ~ ﬂ ASPN new screw 2065 2.58 5.06
. |
ASPN 850 ton press with seatback tool I'Iasllcnmp O - BASF
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Technical Accomplishments and
Progress - Feature Based Analysis

Sample Locations were
chosen to include the most
Change in drecion - 3 locations complex fiber flow direction
changes:

Changein Thickness — 3

» Ribs

» Holes

» Change in flow direction
» Thickness Variations
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Technical Accomplishments and
Progress - Feature Based Analysis

) il m_—y - weld lines were analyzed prior to feature
_.:._}_\__‘_q____ P location selection
N ‘1 - FOD and FLD is analyzed before and after
AR — 1 transition

| =]

L S T

Sample After Transition

Weld lines from simulation N
Transition

Features analyzed:

Sample Before Transition

Gate Rib Hole Flat Section Change in Direction Moldex3D
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Measurement Technique Modification

Automation of un-ambiguous fiber orientation
S— " P % - Each ellipsoidal filament cross-section
*Se o results in two possible fiber orientations
* Ambiguity is not acceptable for non-
symmetric samples
* Automated technique for un-ambiguous
fiber orientation measurement was
developed at ORNL

—
-+ Partially constrained

pyrolysis is necessary
for fiber sample isolation
» Multiple fiber samples
are selected from a
single pyrolyzed sample

'olded Sample Pyrolyzed- Sample Isolated Fibers
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Virginia

Bulk Viscosity Data @Tech

Carbon Fiber - Polypropylene 40% Carbon Fiber — Polyamide 6,6

1000000 % 720 °C. 10,000
] Otk Slit Die & © Neat PAG6 300C
100000 § “Eg @ ©6.4h x 18.2w slit die 300C
] g, 40%CF-PP o® o ©2.6h x 25.3w slit die 300C
10000 - @::’E- 1,000 \ @ 2.6h x 25.3w slit die 200C
: ‘EE»S-_-dﬂE 20%CF-PP o
7] ! U_']El D“_S o
& 1000 3 NeatPP L . o
a. E ABBR0 ””' E 100 3 OOOO
L s L[ | < Copilan] 5 o0
= 0 ] Steady Shear  Oscillatory EFE]U Capilary .2 Neat PAGS 00000,
= 3 E‘% l ] « 99 00 ¢ o
= “a, 10 3 Oscillatory - Capillary ° o
10 5 8, =
] Nl
1 T Ty T T TTTTy T TTTTmy T T TTTTy T T T T T rrrrmr 1 T S . ——rrr . S , ——rrrr i ——rrr
0.01 0.1 1 10 100 1000 10000 10000 0 1 10 100 1000 10000 100000

Frequency, rads/s or Shear Rate, 1/s

L, = 0.84 mm
L, =19mm

More breakage in capillary
rheometry experiments due to
sample preparation

Frequency, rads/s or Shear Rate, 1/s

Ly
Ly,

1.4 mm
3.4mm

Some bundles were observed
in the slit die extrudate

l‘l‘

E— a— — ——
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Plaque measurements
PAG,6/40% CF, slow fill speed, low back pressure

Fiber domains and voids present in the sample Fiber length average
Sample Lw [mm]
PA40SL_p1 2.89
PA40SL_p2 4.30
PA40SL_p3 4.31
c 035
':E: 08 —-3ll -#-322 —+-a33 —al2 —a23 %
8 03
T —~-PA40_SL_pl
0.25
0.2
-=-PA40_SL_p2
0.15
0.1
-+=PA40 SL p3
0.05
0 I
. 0 2 4 6 8 10 12 14
0z normalized thickness Fiber Length [mm]
FOD for PA40SL — mid plaque position FLD for PA40SL
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Plaque Fiber Orientation and Length ™"

—@— Folgar-Tukcer
best

— 4~ ARD-RSC best

+— Experiment

W Expt A22

— Folgar-Tucker A22
A Expt A1l

Folgar-Tucker 411

fiber length {(mm)

| BN BN |
T T W
2 o

wow w
& © o

Moldex 3D Fiber Length Prediction
includes an empirical model for screw.

Moldex3D
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Plaques - Fiber Orientation and Length
Comparison

Averaged value of flow directional fiber orientation component A4 of
ORML experimental data and Moldex3D prediction showing accuracy of prediction.

Location Averaged A Averaged A Accuracy of Prediction
(ORNL experiment) (Moldex3D prediction) (%)
1 0424 0.421 06
2 0571 0574 07
3 0.304 0.302 06

veraged value of cross-flow directional fiber orientation component A;; of
ORNL experimental data and Moldex3D prediction showing accuracy of prediction.

Location Averaged Az Averaged Az Accuracy of Prediction
(ORNL experiment) (Moldex3D prediction) (%)
1 0.542 0.556 28
2 0.396 0.415 4.8
3 0.653 0.682 45

Number-averaged fiber length (Ln) of flow directional component of

ORNL experimental data and Moldex3D prediction showing accuracy of prediction.
Location Ln Ln Accuracy of Prediction
(ORNL experiment) (Moldex3D prediction) (%)
1 0.633 0.668 2.2
2 0.799 0628 214
3 0.993 0.636 36.0

Weight-averaged fiber length (Lw) of flow directional component of
ORNL experimental data and Moldex3D prediction showing accuracy of prediction.

Location Lw Lw Accuracy of Prediction
(ORNL experiment) (Meoldex3D prediction) (%)
1 2.894 2.730 57
2 4 296 2.460 427
3 4.305 2.536 411

. gh VIV AN ANT WIS Ve SR AVIR Va VPN 7o N0 LW \Va W § UI{Y
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Plaques - Stiffness Prediction Comparison

Calculated stiffness from measured and predicted fiber orientation showing accuracy of prediction.

Tensile Modulus

E11 [Pa] E11 [Pa]
Location (predicted orientation) (measured orientation) Accuracy of Prediction (%)
1 1.68E+10 1.67E+10 1.17E+00
2 (average) 1.44E+10 145E+10 7.39E-1
3 1.05E+10 1.68E+10 4 02E+01
E22 [Pa] E22 [Pa]
(predicted orientation) (measured orientation) Accuracy of Prediction (%)
1 1.91E+10 2 06E+10 6.43E+00
2 (average) 2 10E+10 2 06E+10 1.77E+00
3 2 44E+10 2 06E+10 1.72E+01
Flexural Modulus
D11 [Pa m] D11 [Pam?]
Location (predicted orientation) (measured orientation) Accuracy of Prediction (%)
1 4 25E+01 4 96E+01 1.56E+01
2 (average) 4 33E+01 4 40E+01 1.73E+00
3 6.29E+01 5.02E+01 2 26E+01
D22 [Pa m] D22 [Pa m?]
(predicted orientation) (measured orientation) Accuracy of Prediction (%)
1 5.60E+01 5H.04E+01 8.85E+00
2 (average) 5.52E+01 5 7T0E+01 3. 19E+00
3 3.49E+01 5.09E+01 3.73E+01
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Little literature information on
the rheology of (long) carbon
fiber composites

Obijective: produce bulk
viscosity data of long fibers for
use in molding simulations

Capillary rheometry for CF-
polypropylene composites

CF-PA66 composite bulk data
was unreliable in capillary
rheometer

A slit die rheometer was used
with a single screw extruder to
capture the bulk 40%CF-PA66

viscosity

LM115
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Seatback Fiber Orientation and Length""

Fast Filling Slow Filling
Fast > Slow s

Fiber Orientation

Fast > Slow
Fiber Length

- ~
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Seatback Fiber Orientation and Length™"

" Fiber Orientation
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Model-Experiment Comparison for
Complex Part

Mndel — experiment comparison of first eigenvalue of second order orientation tensor
for polyamide with 40% CF molded with low back pressure and slow fill speed.

Moldflow Moldex3D
Prediction Prediction
Location Moldflow Moldex3D Experiment Deviation (%) Deviation (%)

Direction Change 1 0.82 057 0.75 89 247
Direction Change 2 0.72 0.55 0.62 16.4 111
Direction Change 3 0.58 062 063 8.0 25
Thickness 1 0.96 0.76 072 32.7 9.1
Thickness 2 0.96 0.75 069 39.8 92
Rib 0.98 0.7 0.77 27 4 8.2
Flat Mutual Point 0.95 0.7 067 412 9.5
Hole 1 0.90 0.70 0.79 13.7 112
Hole 2 0.89 0.70 0.78 131 102
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Cost Analysis LM115

Cost and Mass Analysis was performed using the seatback and then also to a
prototype oil pan system that Ford had.

eatback Cos ass (kg ost Penalty il Pan Cos ass (kg ost Penalty
Seatback Cost Mass (kg) | Cost Penalt Oil Pan Cost Mass (kg) | Cost Penalt
3.0

Cast Al 3.56 Cast Al ,
PA66-40% SCF 175 PAGC 407 LOF 1.6

s o

Cost penalty ($/part) $6.29 Cost Penalty ($/Part) $6.02
Cost penalty ($/kg saved) $3.48 Cost Penalty ($/kg saved) $4.30

. | oilPan_ |  SeatBack |
| SlUnits | English Units | SIUnits | English Units |
1 1 4 4
1.4 kg 3.08 b 1.81 kg 3.98 b
$6.02 $6.02 $6.29 $6.29
1.42 kg 3.08 b 7.24 kg 15.92 b

Cost penalty per vehicle $6.02 $6.02 $25.16 $25.16
Total vehicle cost penalty per unit mass [EEZRN[G) $1.95/b $3.48/kg $1.58/Ib
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Remaining Challenges, Barriers, and
Future Research

This project completed in December 2016 and no further efforts are planned.

Remaining Challenges (to assist industry):
» Further refinement of the models would help industry.

» Development of and interfacing of fiber length attrition models for various
screw designs would be of great benefit.

» Integration with models upstream and downstream of this part of the
process would be of benefit to industry.
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Summary

LM115

Integrated industry—university— national laboratory team has addressed
technology gaps in the area of long fiber reinforced thermoplastic injection
molding:

Reduced order breakage model was implemented in a commercially
available software

Parts with complex geometry have been molded under controlled
conditions

Fiber length has been maximized with currently available technology
Experimental procedures have been modified to allow evaluation of FLD
and FOD in complex parts

Flow simulation within a complex part has been performed with two leading
software packages Moldex 3D and Moldflow

FLD and FOD measurements were performed in complex part

Blind comparison of experimental and predicted results was performed
Cost analysis was performed for long carbon fiber injection molded part
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Discussion

Vlastimil Kunc Ph.D.,
(865) 919-4595
Oak Ridge National Laboratory

Deposition Science and
Technology

2370 Cherahala Blvd., Building
NTRC-2, Room 222

Knoxville, TN 37932

http://www.ornl.gov/sci/manufacturing
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